Observations are given for the foehn event which occurred in the Abashiri-Ohmu area (N44.3, E143.5), Hokkaido, northern Japan, on 12 May 1975. A numerical investigation is made of the foehn, using a 2-dimensional nonhydrostatic model.
Introduction
Originally, the term "foehn" was the term for the warm dry wind descending in the lee of the European Alps (Hoinka, 1985) . In this paper, following Brinkman (1971), the term "foehn" is used as a generic term for all warm dry downslope winds, even if no precipitation occurs on the windward side of the mountain. Foehn winds are known under a variety of local names: for example, the Chinook of the Rocky mountains, Santa Ana of south California, the Zonda of the Andes. In Japan, foehn winds occur in many places (Arakawa, 1969 (Arakawa, , 1982 ; Yamaji Kaze in Shikoku (Akiyama, 1954 (Akiyama, , 1956 and Hidaka Shimokaze in Hokkaido (Arakawa, 1969) are well known examples.
Although foehn phenomena have attracted meteorological interest for a long time, there has been no conclusive or convincing explanation for their mechanism (e.g., Atkinson, 1981) . The causes of foehn phenomena so far conjectured are as follows:
1. diabatic heating due to condensation of water C1989, Meteorological Society of Japan vapour on the windward side of the mountains (Hann, 1866) .
numerical simulations using a 2-dimensional nonhydrostatic model. From this standpoint, the investigation of foehns amounts to that of the flow over the mountains (mountain waves) without any heating. Linear aspects of mountain waves have been almost completely explored. However, linear theories are not of much use for foehns, which are in nature nonlinear phenomena as will be shown later. Nonlinear aspects remain unclear, mainly because a theoretical approach is difficult. Some theoretical approaches into the non-linear flow regime using the shallow water eq. (Houghton and Kasahara, 1968 ) and Long's eq. (Long, 1953; Lilly and Klemp, 1979; Smith, 1985) proved successful, but the applicability of these theories is restricted. Shallow water equations do not take into account the vertical propagation of mountain waves. Long's equation cannot be applied directly to the heterogeneous flow (the Brunt-Vaisala frequency N is not constant, or the mean wind U is not constant) or unsteady flow.
Laboratory experiments have been used for the investigation of the non-linear aspects of the flow (Long, 1954; Baines, 1984) . However, they have difficulty in the specification of the radiation condition at the upper boundary and the measurement of the temperature difference between the windward and leeward sides of the mountain. In recent years, numerical models have been employed for the investigation of the non-linear aspects of the flow over the mountains, such as the strong downslope wind, the effects of wave-induced and environmental critical layers (Peltier and Clark, 1979; Clark and Peltier, 1984; Tomine, 1984 Tomine, , 1987 Durran and Klemp,1987; Bacmeister and Pierrehumbert, 1988; Aihara and Hirasawa, 1988) and upstream influences and blocking (Pierrehumbert and Wyman, 1985; Kimura and Manins, 1988) . Arakawa (1988) gave a brief report on some results of the numerical simulation of dynamically induced foehns (the case of Yamaji-kaze and the foehn in the Hokuriku district) by use of a hydrostatic model. A systematical numerical investigation on a dynamically induced foehn was conducted by Thorsteinsson (1988) . He investigated the flow of the homogeneous fluid (Brunt-Vaisala frequency N=constant, mean wind U=constant) past a 3-dimensional isolated mountain over an f -plane using a hydrostatic model. In this paper, foehns of the multi-layered fluid past a 2-dimensional mountain are examined, using a non-hydrostatic model.
In section 2, the foehn observed in the AbashiriOhmu area is described. In section 3, the numerical model and experimental design is given. In sections 4,5 and 6, the results of the simulations for the 4-layered, 1-layered and 2-layered fluids are shown and compared with each other. In section 7, the dependence of a foehn index, i, e., a measure of the strength of the foehn, on the inverse Froude number is shown. In sections 8 and 9, the numerical results are compared with observations, and the foehn in the Abashiri-Ohmu area is compared with that of the European Alps (Hoinka, 1985) . In section 10, some discussions on the similarity of the flow between the multilayered infinite and shallow water fluids are presented. In section 11, discussion and summary are given.
Foehn event on 12 May 1975 in the
Abashiri-Ohmu area According to Nagasawa and Miyakawa (1980; hereafter NM) , several foehns occur every spring in the Abashiri-Ohmu area. The foehn event on 12 May, 1975 , is a typical and conspicuous one, which was analyzed by NM, focusing on the abrupt change in the surface temperature.
As shown in Fig. 1 , Abashiri (N44.02, E144.28) and Ohmu (N44.58, E142.97) face the Sea of Okhotsk (sea surface temperature*4* on average in May), and are located to the east of the Teshio and Kitami mountain ranges. As shown in Fig. 2 , the height and width of the mountains are about 1 km and 100km, respectively. Figure 3 shows the surface synoptic and local weather charts at 09JST, 12 May 1975, which are drawn utilizing data obtained not only by meteorological observatories (the number is 23) but also agricultural meteorological stations (the number is 86) which are now replaced by AMeDAS (Automated Meteorological Data Acquisition System) points. Around Hokkaido, the basic pressure pattern was zonal, and a westerly wind prevailed (see Fig. 7 ). From the charts, it can be seen that the surface temperatures at Rumoi, Haboro and Wakkanai, which face the Sea of Japan (sea surface temperature*7* on average in May) and are located to the windward side of the mountains, are lower by 4*9* than those at Ohmu, Monbetu and Abashiri. The pattern of the surface pressure shows the ridge and trough pattern at the windward and leeward sides of the mountains, respectively, which is the typical indication of a mesoscale disturbance induced by mesoscale mountains (Smith, 1982) . The difference of the surface pressure between the windward and leeward sides of the mountains is 3*5hPa. At 09JST, the weather was mostly cloudy, although 1 station reported rainshowers and 4 observatories reported recent rainshowers among all of the observation points shown in Fig. 3 . The daily amount of precipitation for both 11-th and 12-th days was below 1mm at all weather observatories and stations.
The onset and decay of the foehn were abrupt as shown by Figs. 4, and 5. At Ohmu, an abrupt change in surface temperature, humidity and wind occurred at 01JST (onset) and 14JST (decay). The discontinuity line in temperature and wind advanced [1971] [1972] [1973] [1974] [1975] (Japan Meteorological Agency, 1976; hereafter JMA) . Comparison of the foehn case and the averaged case reveals that the potential temperature at 900hPa of the foehn case is warmer by about 10K than that of the averaged case, and the stratification below 900hPa of the foehn case is much more stable than that of the averaged one. If the air parcel at 900hPa adiabatically descends to the ground surface, the temperature of the air parcel becomes warmer than that at the ground surface by about 14K. The difference is sufficient to explain the observed temperature difference between Ohmu and Haboro. It is conjectured that the inversion layer (12)) given to the model is also drawn. below 900hPa plays a crucial role in the foehn event. This conjecture will be checked later by numerical experiments. The vertical profiles of the environmental wind are shown in Fig. 7 . Roughly speaking, WNW winds of 15*25m/s prevailed. It is noteworthy that the southerly component at 980hPa at Wakkanai is as strong as 17m/s and it weakens sharply above that level. Such strong southerly winds also can be seen at several observation points on the windward side of the mountain in the surface local weather chart (Fig. 3) .
The foehns so far observed may be caused by many factors in a complicated way. However, diabatic heating such as sunshine or condensation of water vapour might be excluded from the candidates of the causes of the present foehn, considering the sudden temperature rise at midnight and little precipitation. Hereafter, the present foehn is hypothesized to be caused by dynamical forcing associated with the flow over the mountains, and this hypotheses will be checked by the 2-dimensional numerical simulation using a non-hydrostatic model without any diabatic heating.
Numerical model and experimental design
The numerical model is a 2-dimensional nonhydrostatic model, the same as described by Ikawa (1988) ; it is based mainly on Clark (1977) ; the terrain-following coordinate is used such as where zs is the mountain shape function and H the domain height; the advective term in the flux form is used; for subgrid-scale turbulence, the turbulent closure model (Kiemp and Wilhelmson, 1978 ) is used; no water vapour or radiation or heat flux from outside are included. Governing equations are as follows: -years (1971-1975) and that given to the model as the initial profile (right; o-o) for 4-layered fluid are also shown.
where * is the Coriolis parameter; ADV.* the advective term for *; DIF.* the diffusion term for *; * Fig. 7 . Vertical profiles of U (west-east) and V (south-north) components of wind at Wakkanai (47401; * -*) and Sapporo (47412; o-o) at 09JST 12 May , 1975. the density of the reference basic state dependent only on z; Cs the sound wave speed; * the switching parameter (*=0 for anelastic equations and *=1 for elastic equations); Ui the initial value of u, assumed geostrophically balanced for the case of *0; * potential temperature, * potential temperature of the reference basic state dependent only on z; * =*-*.
For some experiments (mainly L1 experiments (Table 3) ), *=0 is used, and for other experiments (mainly L4 (Table 2) and L2 (Table 4) experiments), *=1 and the E-HI-VI time integration scheme (elastic, horizontally and vertically implicit; Ikawa, 1988) is used.
The size of the model domain is (LX, H)=(158 x * x, 98*z), where grid distances in the horizontal and vertical directions are (*x, *z)=(5000m, 200 m), respectively. The time interval is *t=12s.
The lateral boundary is cyclic, and the upper and boundaries are free-slip walls, thermally insulated.
In order to prevent a false reflection from the upper wall, Rayleigh friction such as is imposed at the upper layer (z*11700), where * .i denotes the initial value of *. Near the lateral boundary, Rayleigh friction such as is also imposed to restore the state in the model to the initial environmental state. The mountain shape (see Fig. 2 ) is given as where the half width, a, is fixed at 30km and the height h is varied according to the experiments to be mentioned below. Initially, the height is zero; it is raised linearly up to h during the first 600 time steps. Initial conditions are determined, simplifying the observed vertical profiles of potential temperature and wind (see Figs. 6 and 7). The initial wind field is (Ui, Vi)=(15m/s, 0), unless specifically mentioned. The fluid given to the model is divided into 4 layers as shown in Table 1 .
The experiments for the 4-layered fluid (L4 experiments) are listed in To see the effect of the lowest inversion layer, an experiment without the lowest inversion layer is carried out. To see the effect of the mountain height, some experiments with different h are carried out. The experiment with (Ui, V i)=(7.5m, 0) is also carried out to see the effect of the wind.
In addition to the L4 experiments, the experiments with the homogeneous fluid (L1 experiments; see Table 3 ) and 2-layered fluid (L2 experiments; see Table 4 ) are performed to see the effects of the multi-layered stratification and the depth of the lowest stable layer.
In the L4 and L2 experiments, a(N/U)*45, and R0=U/(a*)*5. Therefore, the non-hydrostatic effects may be neglected. As will be shown below, the foehn is a highly non-linear phenomenon, and is accompanied by nearly neutral or convectively unstable areas (areas of wave breaking or internal hydraulic jump). This makes the use of a nonhydrostatic model more desirable than the use of a hydrostatic model.
For a more realistic simulation and seeing the effect of Coriolis force, an experiment with f #O (L4-H10-D9-f) is also conducted. The inclusion of the Coriolis force is found to bring about no large difference in the features of the foehn and the hydraulic jump at least for the first 4 hours of time integration. Most experiments are without the Coriolis force, because the inclusion of the Coriolis force complicates the results and makes the physical interpretation more difficult.
Results of the experiments of the 4-layered fluid (L4 experiments).
The results are summarized in Table 2 . F.1(foehn index) is a measure of the strength of a foehn, defined as where *s. max is the maximum of the averaged value of the surface potential temperature over about 5 grid intervals, and *s.i is the surface potential temperature at the initial time. Zb is the eqivalent height at which the environmental potential temperature is larger than that at the surface by * s; Non-dimensionalizing Zb by the characteristic vertical scale Ui/Ni yields F.1.
DRGN is the normalized surface pressure drag by DRGL defined as 
the drag of the linear analytic solution for the homogeneous fluid (see Appendix B), and DRG is the surface pressure drag defined as
The wind reduction and amplification factors at the surface are defined respectively as where Us.min and Us.max are the minimum and maximum u-component of the wind at the surface, respectively. In the column of steadiness, * denotes the almost steady flow; * the quasisteady flow, where transiency is seen mainly at the bore and hydraulic jump; * the unsteady flow, where DRGN and F.I continue to increase even after t*Ut/a*10.8. For the unsteady flow case, the values at t*=10.8 are given in Table 2 . In the columns of the bore and hydraulic jump, * denotes no occurrence; the numbers denote their propagation speed (m/s).
The effect of the inversion layer below 900hPa.
To see the effect, the results of L4-H10-D9 are compared with those of L4-H10-DO where the lowest inversion layer is removed and N from 0*z*3900 m is set to N2. For the case of L4-H10-D9, as shown in Fig. 8b , the surface wind (Us) becomes minus (Rdc.Us*1) on the windward slope of the mountain at (x, z*)=(350km, 0m). As shown in Fig.  8a , the marked elevation of the isentrope around x=300Km is seen. This atmospheric bore continues to propagate upstream at the nearly constant speed of -6.9m/s, as shown in Fig. 9 . On the lee side of the mountain, the surface wind is accelerated, and Amp.Us is about 0.6. The marked drop of the isentrope at 400 km *x*520Km and the sharp rise (internal hydraulic jump) at x*530km is seen in Fig. 8a . At the hydraulic jump, the strong convergence of wind occurs, and the sharp changes in potential temperaure and pressure occur. The hydraulic jump continues to propagate downstream at the speed of 12m/s as shown in Fig. 9 . The rise of the surface potential temperature (*s) is about 4K (F.I=0.4).
For the case of L4-H10-D0, the flow is steady. As shown in Figs. 8c and d, neither bore nor hydraulic jump occurs, and F.I is almost zero.
For the case of L4-H10-D9, Fr-1 equals 1.51, while Fr-1 equals 0.46 for the case of L4-H10-D0. In this subsection, it is shown that the foehn is an unsteady, highly non-linear phenomenon, and the inversion layer below 900hPa is a necessary condition for the present foehn event.
4.,2. The effect of Coriolis force The results of L4-H10-D9-f are compared with those of L4-H10-D9 in this section, and will be compared with observation in section 8. The inclusion of the Coriolis force is found to bring about little differences between the two in the features of the bore, foehn and hydraulic jump before t=240min (t* . tU/a < 7.2). However, after a long time integration (t*7.2), the difference in F.I gradually becomes large, although the difference in drag force remains small.
As shown in Fig. 10b and lib, Rdc.Us (a measure of blocking) becomes smaller because of the Coriolis force. Arnp.Us is almost the same before 360 min (t*=10.8), but it becomes larger after t=360 min. As shown in the left part of Fig. lib , pressure surface drag continues to gradually increase, which is also the case for no Coriolis case (L4-H10-D9; see Fig. 9 ). As shown in Figs. l0a and 11a, the strength of the foehn (*s) is 4K, almost the same as that of no Coriolis case before t=360min. However, as shown in Fig. 11a , it attains 10K at t=600min (t*=18), suggesting the transition to another nonlinear flow regime. On the other hand, that for no Coriolis case attains only 6K. It is noted that *s differs from *s'*s. max -*s. min plotted in Fig. 11a due to *s. max*s. max and * s. min*s.i; *s. max*s. max is due to the filtering of the small scale fluctuations by averaging; * s. min <*s.i is caused by the finite discretization error of the 2-nd order advection term in the flux form which is large at the strong convergence of the wind at the surface, i, e., at the bore and hydraulic jump.
At t=240min, the wave-induced critical layer (wave breaking, hereafter WILL) is not yet produced, but at t=360min, WICL is produced in the stratosphere at z=13km for both L4-H10-D9 and -* experiments (see Fig . 10b ). According to a linear theory (e.g., Aihara and Hirasawa, 1988) , the height of WILL, zc, over the mountain crest satisfies In this case, l2h=0.46, l3h=0.68 and l4h=1.42.
Due to the decrease of the density and the smallness of l2h and l3h, WICL of the n=1 mode first emerges, before the emergence of WILL of the n=0 mode. Once WICL is produced, it sometimes brings about a considerable change in the flow below WILL. The example of the change of the flow due to the stratospheric WICL of the n=1 mode is shown in Aihara and Hirasawa (1988) . The continuous growth of DRG and *s is probably associated with WICL in the stratosphere. However, it can be said that WICL is not necessary for the foehn, seeing that * s as large as 4K is attained before the emergence of WILL. Figure  12 shows the wave momentum flux and quasi-wave momentum flux defined as follows, respectively: Fig. 11 . a) The x-t cross section of potential temperature (*=*-310; K) at z*=100m for L4-H10-D9-f. The initial * at the surface is -25.3K. The time change of the difference of the surface potential temperature (*s'*s. max-*s. min) is also shown on the left part in the figure (unit: 1K) . b) The same as Fig. 9 , but for L4-H10-D9-f. WMF(z) is computed, using inter-or extrapolated data from the z* coordinate to the z coordinate. Therefore, near the surface, it includes errors; the values at z=100m are not shown for WMF(z) in the figure. WMF(z) and WMF(z*) do not differ much except for the lowest 2 levels (z=100m and 300m). WMF for the Coriolis case is slightly smaller than that for no Coriolis case. At t=240 and 360 min, considerable divergence of WMF is seen below 1.5Km. At t=360min, a minimum emerges at z=11km, corresponding to the emergence of WILL at z=13km. At the time, the maximum of u as large as u=42 m/s is seen below WICL at z=11km. The vertical profile of WMF at t=360 min suggests the deceleration and acceleration of u around z=1km and z=10km, respectively. Indeed, at 1=480min, u (horizontally averaged u) takes the maximum value of 18m/s at z=10km, and u at z=0.7km is 12m/s. Such a minimum in WMF below WICL in the stratosphere is also seen in the case of Aihara and Hirasawa (1988) (Aihara, 1988) .
The south-north component (v) of the wind, which is initially 0m/s, becomes plus (southerly wind) where the reduction of u is large, especially on the windward slope of the mountain. At t=240min, the maximum of v at the surface is 8m/s, while that at t=360min is 16m/s as shown in Fig. 10d . This acceleration of v is well accounted for by the Coriolis force: -*(u-Ui)=*(15-3)*1.1*10-3* (v(360min)-v(240min))/(360min-240min).
The growing differences between L4-H10-D9 and L4-H10-D9-f after t*>10.8, especially in El, deserve further study. The non-steadiness of the flow is considered to be closely related to the stratospheric WICL. After a long time integration, the stratospheric WICL changes the flow below it considerably, which also deserves further study.
Dependence of the nonlinear and transient
aspects o f the 4-layered f tow on the mountain height For the case of Fr-1=0.15 (h=100m), no bore or hydraulic jump is recognized by simple inspection of the patterns of the results. As shown in Fig. Fig. 13. a) , b) The x-z cross sections of potential temperature (*=*-310 ;K) with the contour interval of 4K for L4-H3-D9 and L4-H4.5-D9, respectively, at t=360 min (t*=10.8).
13, for the case of Fr-1*0.45 (h=300m), the bore and hydraulic jump occur. As h becomes larger, F.I becomes larger (see Fig. 19 ), and the bore and the hydraulic jump become stronger. As shown in Table  2 , the upstream propagation speed of the bore and the downstream propagation speed of the hydraulic jump become larger as h becomes larger. The elevation of the iso-potential temperature line at the bore and the drop of the line past the mountain crest, respectively, become larger as h becomes larger. The dependence of the propagation speed on amplitude is characteristic of the non-linear waves, and not of the linear waves.
4.
4. The effect of the weaker wind In this sub-section, the results of L4-H10-D9-U7.5 (see Figs. 14,15 ) are examined. The change of Ui to 7.5m/s with fixed thermal stratification and mountain height yields the increase of l, lD1, lh=Fr-1 as shown in Table 2 . As shown in Figs. 14 and 15, the case of the weaker wind produces a larger rise of the potential temperature (*s=10K) than the case of Ui=15m/s, while the strength of the downslope wind (Us. max=18m/s) is smaller. This implies that strong downslope wind (Us.max) is not necessarily accompanied by the strong foehn (*s). In interpreting the flow, it is important to use the non-dimensionalized quantities.
WICL of the n=0 mode is first formed at z=3.6 km at t=480min (t*=7.2) before the emergence of WICL of n=1 due to the larger l2h=0.92 and 13h=1.36 than those of L4-H10-D9-U15. Once the tropospheric WILL is formed, most wave energy is confined below that level, as suggested by the vertical profile of the wave momentum flux shown in Fig.  12e .
It might be expected that the weaker the wind, the larger the F*-1, and the stronger the nonlinearity of the flow such as the foehn. However, this seems paradoxical, just thinking of the limiting case of U->0m/s, where no foehn apparently occurs. There would be the threshold F*-1, below which the above expectation holds. For very large F*-1, surface friction, turbulence, transiency and hysteretic behavior might become important. The exploration of the flow for the very large F*-1 deserves further study.
As shown in Figs. 14b and 15b , the reversed flow opposite to the downslope wind is seen at the surface just behind the hydraulic jump. In some of the L1 experiments to be shown later, the reversed flow is also produced for large lh. In these simulations, this reversed flow is produced by the pressure gradient force associated with the extraordinary low pressure area where the warm downslope wind prevails.
Experiments with the homogeneous fluid
(L1 experiments) for large F*-1.
So far, the flow of the 4-layered fluid is considered. To see the differences between the homogeneous and heterogeneous (multi-layered) fluid, the experiments with the homogeneous fluid are conducted. The non-linear aspects of 2-dimensional flow of the homogeneous fluid were examined by Lilly and Klemp (1979) and Pierrehumbert and Wyman (1985) (hereafter PW). According to the theory of Lilly and Klemp, the threshold value of F*-1 1 for wave breaking is 0.85. According to PW, the threshold value of F*-1 for the upstream blocking (Rdc.Us>1) is about 1.5. However, no report was made on the foehn by PW.
The specifications of the experiments for the homogeneous fluid (L1 experiments) are different from the L4 experiments described in section 3, and the same as described in section 3 of Ikawa (1988) ; N=0.01/s, U=4m/s; p=1 kg/m3 are specified to realize the Boussinesq homogeneous fluid. It is noted that in the Boussinesq fluid, WICL of the n=0 mode always occurs before that of the n=1 mode. The dimension of the model is (LX, H) =(118*x, 68*z*), where (*x, *z*)=(1200 m, 200m); the time interval *t=12 sec is used; the bell-shaped mountain with a=6km is given; Fig. 14. a) b) The x-z cross sections of the potential temperature (*=8-310 ;K) with the contour interval of 4K and the n-component of the wind with the contour interval of 2m/s at t=480min (t*=7.2) for L4-H10-D9-U7.5, respectively. R0=Ui/af*6.7 and * is set to zero. The kinds of L1 experiments and their results are summarized in Table 3 . Cyclic boundary conditions are imposed for most L1 experiments, unless specifically mentioned. The experiments which use open boundary conditions based on Orlanski (1976) are indicated by the tag of "OP" in the name column.
The results of L1-H7.5 are shown in Figs. 16 and 17. Some results of L1-H20 were shown in Fig. 6 of Ikawa (1988) . The threshold value of the foehn onset is about lh=0.85, almost the same as that of the wave breaking (see Fig. 19 ). The foehn is accompanied by wave breaking and hydraulic jump but no bore. In the multi-layered fluid, wave breaking is not necessary for the foehn, as shown in the previous section. As described by PW, upstream influences are seen, but they are smooth and continuous and not identified as a bore by simple inspection of the patterns of the results.
In the experiments with cyclic boundary conditions, no energy is supplied from outside except for the upper absorption layer, and energy continues to decrease due to subgrid scale turbulence. The pressure gradient force from the blocked windward slope via the cyclic boundary to the leeward slope becomes effective, and overall deceleration occurs. Physical quantities change in the course of the simulation; their maximum values are listed in Table 3 . The position of the hydraulic jump begins to shrink back after a certain time as shown in Fig. 17 . The larger F*-1 makes the onset of the shrink or decay of the foehn earlier. This shrink or decay of the foehn resembles the observed one shown in Fig. 5 , and is suggestive of the cause of the decay of the observed foehn event.
To compare the results with those of open boundary conditions, experiments L1-H6-OP, L1-H7.5-OP and L1-H20-OP are conducted. The differences become large as time elapses and for large F*-1. The area of the foehn continues to extend without any shrinking. However, the strength of the foehn (F.I) for the open boundary case is not so much different Fig. 15 . a) The same as Fig. 11a , but for L4-H10-D9-U7.5.
b) The same as Fig. 9 , but for L4-H10-D9-U7.5.
from that for the cyclic boundary case. Amp.Us and DRGN for the open boundary case are larger, while the area of decelerated surface wind is smaller. In L1-H20-OP, reversed flow just behind the hydraulic jump is seen. The threshold F*-1 for the surface blocking (Rdc.Us>1) under the cyclic boundary conditions is about 1.25, while that under the open boundary conditions is between 1.5 and 1.875. This result is slightly different from 1.5, the result of PW.
As shown in Fig. 16a , WILL is formed at the level of z**600m*/(2l) near the foot of the mountain which is consistent with Smith's theory (1985) , and the stratification of WICL is absolutely unstable or nearly neutral. For the 4-layered fluid, leeward destabilization occurs above the lowest stable 2) for L1-H7.5, respectively. Fig. 17 . a) The x-t cross section of potential temperature at z*=100m for L1-H7.5 with the contour interval of 1K. The initial potential temperature at z*=100m is 300.57K. b) The x-t cross section of *G1/2u at z*=100m for L1-H7.5, where *=1.0kg/m3 and the minimum of G1/2=0.945 (Eq. (8)) at x=70.8km. The contour indicating minus valus is drawn by the dotted line. Data are sampled at every 40min. The mountain peak is at x=70.8km.
layer on the leeward slope where warm downslope wind prevails. This suggests that the existence of the less stable layer is more essential in forming the hydraulic jump and the transition to a high drag state than the critical layer (u<0).
6. Experiments with the 2-layered fluid (L2 experiments) for large F*-1.
In order to see the effect of the depth of the lower layer, the experiments with the 2-layered fluid with various l1D1 are conducted. Experiments with the 2-layered fluid were conducted by Durran (1986) , focusing on the downslope wind and transition to the high drag state. He found that the difference between the linear analytic and non-linear numerical solutions are very large for some cases of the 2-layered fluid even for 0.3*F*-1*0.6, as compared with the difference between the linear and non-linear numerical solutions for the homogeneous fluid. However, no report was made about the foehn and bore.
The kinds of experiments and the results are summarized in Table 4 . The parameters specified for the experiments are the same as for the L4 experiments except for the stratification. For the 2-layered fluid, (N1, N2)=(0.0227/s, 0.0093/s) is used. N1, is the same as that of the 1-st layer of the 4-layered fluid and N2 is the average of the 2-nd 3-rd layers of the 4-layered fluid shown in Table 1 . The experiment with the 3-layered fluid in which the stratosphere is added to the 2-layered fluid is also conducted (not shown here). The results are between those of the L2 and L4 experiments, and closer to those of the L4 experiments. In the column of Table 4 , '*' denotes the parameter used in a linear analytic solution (see Appendix B) given by Eq. (A-13) which is equal to DRGN for a linear analytic solution.
As compared to the 4-layered fluid, the bore1 is not so marked, and the threshold value of F*-1 for the occurrence of the bore in the case of l1D1=1.37 is somewhat large (around (F*-1)c=0.7). As l1D1 becomes large, for the fixed F*-1, the strength of the foehn and the normalized drag become large and the hydraulic jump becomes marked, while the bore becomes vague with increased upstream propagation speed as shown in Fig. 18 . The major finding of the L2 experiments is that , for the fixed l1 h=1.13, a bore is formed for l1D1<1.97, but not for l1D1>3.80, as shown in Fig.18 . According to linear theory of a steady 2-layered Boussinesq fluid (see Appendix B), the difference of the factor it in l1D1 does not yield any difference in surface pressure drag and surface wind; pressure drag takes the maximum and minimum values at l1D1=*/2 and l1D1=*, respectively; DRGN is equal to '* '; Rdc .Us*Amp.Us for 0l1D1<*/2 and * <l1D1<3*/2. But, the numerical non-linear solutions are much different from the linear analytic solutions as stressed by Durran (1986) .
The experiments denoted by * in the column of steadiness computationally break down at 8< t*<10.8. probably due to the sharp discontinuity at the hydraulic jump. The values for these experiments in Table 4 are at t*=7.2 (t=240min), and are expected to take larger values if no computational breakdown occurs. In addition to the improvement of the model, a more systematic and comprehensive investigation must be made on the dependence of the non-linear and transient aspects of the 2-layered flow on (l1Dl ,l1h1).
Dependence of F.I on the inverse Froude DT,cumber Ih
The results of the L4 and L1 experiments are plotted in Fig. 19 . From the figure, approximate relations are given as follows: for the 4-layered fluid:
for 1-layered fluid:
Under the condition of the same constant wind, the critical height for a foehn of the 4-layered fluid with the inversion layer below 900m of N1=0.023/s, is smaller than that of the 1-layered fluid with N1= 0.01(0.35/l1<0.85/l). Thorsteinsson (1988) examined a foehn of the 1-layered fluid on an *-plane for 0.4* R0*4.0 induced by a 3-dimensional bell-shaped mountain. Two cases of (R0,lh)=(1.0, 2.5) and (R0, lh)=(4.0,1.0)are also plotted in Fig. 19 . Judging from his data, the critical lh for a foehn appears to be 0.5, which is smaller than the 2-dimensional counterpart 0.85 obtained by this study. Differences of the non-linear flow over the 3-and 2-dimensional mountains deserve further study.
Thorsteinsson non-dimensionalized *s as However, the diagram of (F.I', lh) for the same data in Fig. 19 is found to be more scattered than Fig.19 . In this study, only the case of the bell-shaped mountain is examined. However, the difference in mountain shape sometimes brings about large difference (as much as twofold) in F.I ( Saito, 1988) . This point deserves further investigation. Fig. 18. a), b) , c) The x-z cross sections of potential temperature (*=*-310 ;K) with the contour interval of 4K for L2-H7.5-D5, L2-H7.5-D13 and L2-H7.5-D25, at t=240min (t*=7.2), respectively. to be associated with the passage of the hydraulic jump. In L4-H10-D9-f, the decaying stage of the foehn event is not simulated, probably due to the neglect of the time change of the environmental larger scale field. However, in the L1 experiments under cyclic boundary conditions, the shrinking of the foehn area is simulated, which is caused by a considerable decrease of the mean wind in the lower layer. This suggests that the decay of the real foehn was closely related to the time change of the environmental larger scale field. Indeed, the west-east components of the wind observed at Wakkanai below 850hPa were decreasing at 15JST on 12 May 1975 (U=20,13 and 7 m/s at 900hPa for 09, 15, 21JST, respectively).
At the decaying stage of the foehn event, the reversed flow to the discontinuity line (hydraulic jump) was observed as shown in Fig. 52 . The reversed flow at the hydraulic jump was also observed in the foehn event of Yamaji Kaze (Akiyama, 1954 (Akiyama, , 1956 ). In the L4-H10-D9-U7.5 and L1 experiments with large F*-1, the reversed flow is reproduced due to the pressure gradient force associated with the extraordinary low pressure area where the warm downslope wind prevails.
Observational data are available mostly on the ground surface. Surface winds are highly dependent of the surface friction, so the neglect of the surface friction makes the correspondence between the observed and simulated surface winds bad.
The strong southerly wind confined below 950hPa observed at Wakkanai is well simulated in L4-H10-D9-f. The simulated southerly wind is most prominent at the windward side of the mountain confined in the lowest layer where the blocking effect is conspicuous. This southerly wind caused by the Coriolis force on the blocked flow is called a barrier wind, and is also reported by PW and Parish (1982) .
A simulated bore has no observational evidence because no data were available on the Sea of Japan, upstream of the mountains. Atmospheric bores which occurred in northeastern Australia were well documented by Clarke et al. (1981) . They propagated in the inversion layer which touched the surface for a long time (more than 6 hours) as the simulated bore does; but they did not seem to result from blocking by the mountains.
2 The observed shrinking of the discontinuity line resembles an intrusion of a sea breeze front. A sea breeze is driven by the pressure gradient force from a relatively cold sea surface to a relatively warm land surface. In this case, the relative warmth of the land surface appears to be caused primarily not by sunshine but by the dynamical forcing associated with the flow over the mountains.
In this respect, it is not proper to identify the observed shrinking of the discontinuity line as an intrusion of a typical sea breeze driven by sunshine. It cannot be denied that the discontinuity inherent in the hydraulic jump was enhanced by the cooling effect of the Sea of Okhotsk which is not included in the model. 9. Comparison of the foehn in the Abashiri-Ohmu area with that of the European Alps described by Hoinka (1985) . This comparison is summarized in Table 5 . The foehn event of the European Alps seems to be dynamically induced, judging from the strong blocking and the marked descent of the inversion layer on the leeward side. F*-1 and the strength of the blocking and the foehn (*Ps, *s) are smaller for the Abashiri-Ohmu case than for the European Alps case.
One of the notable differences is the vertical location of the inversion layer. For the European Alps case, the inversion layer is elevated above 1500m, while that for the Abashiri-Ohmu case is almost in contact with the ground. Such an elevated inversion also existed in the strong downslope event at Boulder, Colorado, on 11 January 1972 (Lilly and Zipser, 1972) .
Another is the difference in the ratio of the wave momentum flux (Fig. 12) about 7 km over the surface drag. For the European Alps case, breaking occurs below the middle troposphere and disturbances are confined mostly in the lower troposphere, while not so much for the present case. In L4-H10-D9-U7.5, wave breaking occurs at the first steepening level (z=3.5km) in the troposphere (n=0 mode, see Eq. (21)), and the ratio is smaller than that of L4-H10-D9 (-U15); in this point, L4-H10-D9-U7.5 is closer to that of the European Alps.
10. Similarity of the flow to that of the shallow water fluid.
From the L4, L2 experiments and Durran (1986) (see his Figs. 1 and 5) , the following might be said about a bore and a hydraulic jump. For the fixed l1 D1,l1h>(lh)c is necessary for the occurrence of a bore; for the fixed l1h, l1D1-*/2)<*(lD)c seems to be necessary. The elevation of the isentrope and propagation speed of the bore becomes larger, as lh becomes larger. The occurrence of a bore is accompanied by the occurrence of a hydraulic jump; while the occurrence of the hydraulic jump is not necessarily accompanied by the occurrence of the bore.
These features of a bore and a hydraulic jump are quite similar to those for the shallow water fluid (Houghton and Kasahara, 1968) in many respects. The differences are as follows: 1. the bore (see the foot note in section 6) which appeared in the L4 and L2 experiments is rather laminar than turbulent or discontinuous: 2. the onset of a bore and a hydraulic jump seems to occur at the finite critical number (lh)c even for a critical flow (for definition, see Eq. (30)). These differences might be attributed to the dispersiveness due to the upward penetration of wave energy, non-hydrostatic effects and subgrid scale turbulence in the model.
In the shallow water fluid, the hydrostatic approximation holds; waves are non-dispersive, and propagate not in the vertical but in the horizontal only. Under the hydrostatic approximation, the horizontal phase speed of the internal gravity wave with the vertical wave number, kz, is
In the multilayered infinite fluid, if the waves excited by the lower boundary are confined largely to the lower layer by partial reflection, these waves are nondispersive in the horizontal and propagate mainly in the horizontal direction. In these situations, the flow is expected to resemble that of the shallow water fluid as discussed by Bacmeister and Pierrehumbert (1988) .
In the shallow water fluid, the flow is controlled by mountain height, h, and Froude number F*= U/Cpx=U/*gD.
The flows of Cpx<U, Cpx=U and Cpx>U are called supercritical, critical and subcritical, respectively. Hereafter, the 2-layered Boussinesq fluid is considered, where the lower layer is more stable than the upper layer and the depth of the upper layer is infinite. The displacement of the interface *(x) by the linear analytic solution of the stationary flow is given as follows (see Appendix B) :
(as a special case of the above solution)
where Hil denotes the Hilbert transform, and * and s are given by Eqs. (A-13) and (A-14) . Those for different Ds over a bell-shaped mountain are illustrated in Fig. 20 . The flow for l2>0 is not symmetrical with respect to a mountain crest and exerts drag, while that for l2=0 is symmetrical and exerts no drag. Those for the case of l2=0 are similar to those of the shallow water fluid. By analogy, the supercritical, critical and subcritical flows for the 2-layered fluid might be defined as:
where the preferred vertical mode is selected as Grimshaw and Smyth (1986) presented a weakly nonlinear theory on the nearly critical flow (Cpx* U) of the finite depth fluid with the free or wall boundary condition. Under the totally reflective upper boundary conditions, the critical flow is also the resonance flow in a framework of a linear theory. Their theory (see their Fig. 3 ) provides almost the the same qualitative properties of the bore and hydraulic jump mentioned above, except that finite height seems to be needed even for the critical flow of the present case where a (quasi-) radiation condition is imposed. Smith (1985) presented the nonlinear steady solution for the fluid with l2=0, making use of Long's eq., where lower boundary conditions are taken into account exactly. Smith's transcendental equation for *(x) (1985) is obtained simply by the replacement of l1D with l1(D+*-Zs) in Eq. (29) (In Appendix B, a rigorous derivation of Smith' equation is given.). He showed the solution of the transitional flow to a high drag state for */2*l1D*3*/2, but not for l1D*/2 and l1D*3*/2. However, judging from the L2 and L4 experiments, for the fluid with l1D*/2, behind the bore, the effective depth and Scorer parameter 11 seem to change to satisfy l1D*/2, and quasi-stationary transitional flow (asymmetrical with respect to a mountain crest) seem to be accomplished.
The singularity of the linear stationary solution for l2=0 and l1D=*/2 is removed by Grimshaw and Smyth, taking into account the transient and weakly non-linear effects. The inability of the linear solution for the fluid of l2=0 to explain the transitional flow is overcome by Smith, taking into account the non-linear boundary conditions. Smith's theory cannot predict the transient features of the bore and hydraulic jump, while Grimshaw and Smyth's theory does. However, both theories use a totally reflective upper boundary condition, which is not common for the atmospheric case. Extension of the two theories for the case l2*0 of is needed. 
Summary and discussion
Observations are given on the foehn event which occurred in the Abashiri-Ohmu area, on 12 May 1975. Numerical investigation is made on the foehn, using a 2-dimensional non-hydrostatic model.
The foehn is well simulated, even without any diabatic heating in the presence of the inversion layer below 900hPa in spite of many simplifications made on the model. The hypothesis that the foehn is dynamically induced is confirmed, and the inversion layer below 900hPa is found to be a necessary condition for this foehn event. The foehn is a highly nonlinear phenomenon with blocking, a bore and a hydraulic jump.
The observed sudden change in surface temperature and wind is associated with the passage of the hydraulic jump, which is recognized as a discontinuous line at the surface. The observed southerly wind jet near the ground on the windward side of the mountain is regarded as a barrier wind, caused by the Coriolis force acting on the blocked air. The reversed wind flowing into the discontinuous line (hydraulic jump) observed at the decay stage of the foehn is also simulated in some experiments with large Fr-1.
The simulated foehn is accompanied by the bore and the hydraulic jump, but no wave breaking. The foehn of a homogeneous fluid is also simulated, and it is accompanied by wave breaking and a hydraulic jump, but no bore. For both cases, the less stable layer over the area of the warm downslope wind is a common feature, implying the important role of the existence of the less stable layer in forming the transitional flow with a foehn and a hydraulic jump.
A foehn index (F.I) .is introduced, and its dependence on the inverse Froude number is examined for the 4-layered fluid of the Abashiri-Ohmu case and the homogeneous fluid. The inversion layer below 900hPa is found to favor the occurrence of the foehn; the critical mountain height for the occurrence of the foehn is found to be lower for the 4-layered fluid with the inversion layer below 900hpa than that for the homogeneous fluid.
The foehn event in the Abashiri-Ohmu area is compared with that of the European Alps (Hoinka, 1985) . The foehn of the European Alps seems to be dynamically induced, judging from the conspicuous blocking and the descent of the inversion layer on the leeward side. In both foehns, the inversion layer of the same depth (about 1000m) exists below the middle troposphere. However, the inversion layer of the Alps is elevated at 1500m above the ground, while that in the Abashiri-Ohmu area almost touches the ground. The difference deserves further study.
From the L2, L4 experiments and Durran (1986), some interesting properties are found about a bore and a hydraulic jump. For the fixed l1D1, l1h > (l1h) c seems to be necessary for the occurrence of a bore; for the fixed l1h, |l1D1-*/2| < *(lD) c seems to be necessary. The elevation of the isentrope and propagation speed of the bore becomes larger, as lh becomes larger. The occurrence of a bore is accom-panied by the occurrence of a hydraulic jump; while the occurrence of the hydraulic jump is not necessarily accompanied by the occurrence of the bore. These properties are similar to those of a bore and hydraulic jump in the shallow water fluid in many respects. Some discussions are given on this similarity and some relevant theories of Grimshaw and Smyth (1986) and Smith (1985) . A theory for a bore and hydraulic jump for the multi-layered infinite fluid is awaited.
In Appendix B, equations for the steady nonlinear solution of the 2-layered fluid of infinite depth are presented, which include Lilly and Klemp's nonlinear solution (1979) and Smith's solution (1985) as their special cases. However, it was found difficult to solve them because of their non-linearity.
In this study, the phenomenological description about the non-linear and transient aspects of the flow of the multilayered fluid is given for some cases. More comprehensive numerical investigation as well as theoretical guidance is needed especially focused on the dependence of the non-linear and transient aspects of the 2-layered flow on (l1 D1, l1h). In these future experiments, the Boussinesq fluid is recommended, because the wave breaking of the second steepening level due to the decrease of the mean density complicates the results and makes their interpretation difficult.
B. Linear analytic steady solution of the 2-layered hydrostatic Boussinesq fluid over the 2-dimensional mountain, using the Hilbert transform.
Here, the 2-layered fluid with constant horizontal mean wind Ui. is considered. In each layer, the Brunt-Vaisala frequency, N j (j=1,2), is constant; The depth of the lower layer is D, and that of the upper layer is infinite. First, following Lilly and Klemp (1979) , the equations for the exact non-linear steady solution are presented, where non-linear boundary conditions, non-linear interface conditions and radiation conditions are taken into account. Next, linearizing the equations, the linear analytic solution is derived.
Long's equation (1953) for each layer under the hydrostatic and Boussinesq approximation is written as follows:
where *j (x, z) is the vertical displacement of an air parcel from its undisturbed height z(*j=z-z).
The solution is written as: where and Hill denotes the Hilbert transform.
For the three unknown functions B1(x), A2(x) and B2(x), three non-linear relations (A-4), (A-5) and (A-6) exist. However, some iterative procedures failed in solving this transcendental equation. One of the reasons is the computational errors associated with the Hilbert transform. It is noted that equations (A-4), (A-5) and (A-6) yield Lilly and Klemp's (1979) and Smith's (1985) equations for the special cases of l1=l2 and l2=0, respectively.
The linearized equations of (A-4), (A-5) and (A-6) are obtained by assuming Zs, A2(x) in the arguments of cos and sin functions infinitesimally small. They are as follows: The upper radiation conditions (Lilly and Klemp, 1979) require Surface wind and drag is invariant under the change of * in l1 D. Surface drag takes its maximum at l1D = */2, and minimum at l1D= *. The use of the Hilbert transform makes clear the effect of terrain shape. For the case of a bell-shaped mountain and l1>l12, Rdc.Us*Amp.Us for 0*l1D*/2 and *l1D*3*/2.
It is easy to extend the above 2-layered solution to the n-layered solution which is written in the same form as (A-11) but with different rands.
